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We report a simple, scalable approach to improve the interfacial
characteristics and, thereby, the performance of commonly used
polyoleﬁn based battery separators. The nanoparticle-coated
separators are synthesized by ﬁrst plasma treating the membrane
in oxygen to create surface anchoring groups followed by immer-
sion into a dispersion of positively charged SiO2 nanoparticles.
The process leads to nanoparticles electrostatically adsorbed not
only onto the exterior of the surface but also inside the pores of
the membrane. The thickness and depth of the coatings can be
ﬁne-tuned by controlling the f-potential of the nanoparticles.
The membranes show improved wetting to common battery
electrolytes such as propylene carbonate. Cells based on the
nanoparticle-coated membranes are operable even in a simple
mixture of EC/PC. In contrast, an identical cell based on the
pristine, untreated membrane fails to be charged even after
addition of a surfactant to improve electrolyte wetting. When
evaluated in a Li-ion cell using an EC/PC/DEC/VC electrolyte
mixture, the nanoparticle-coated separator retains 92% of its
charge capacity after 100 cycles compared to 80 and 77% for the
plasma only treated and pristine membrane, respectively.
The rapid emergence and popularity of portable electronics has
motivated extensive research eﬀorts to meet the ever increasing
demands for mobile power sources in terms of energy storage
capacity, form factor, weight, and lifetime with minimal safety
risk and environmental impact. Currently, Li-ion rechargeable
batteries are the benchmark of this technology and are the subject
of intense research and development.1–3 Certain operational
limitations of the Li-ion batteries are directly or indirectly related
to the performance characteristics of the separator that is a key
component of each electrochemical converter.4 The separator is
essentially a diaphragm, whose function is to prevent physical and
electrical contact between the electrodes, while allowing ionic
current ﬂow.5–7 Ideally, the separators for Li-ion batteries should
be porous and thin but mechanically robust. In addition, they
should exhibit chemical and dimensional stability, low thermal
shrinkage, and good wetting to common liquid electrolytes.
Microporous membranes based on polyethylene (PE) or
polypropylene (PP), their blends, their copolymers and their
laminates have found widespread application as separators for
Li-ion batteries, since they adequately fulﬁll most of the require-
ments presented above. The main drawback of the polyoleﬁn
separators is their poor wetting to cyclic electrolytes with
high dielectric constant such as ethylene carbonate (EC) and
propylene carbonate (PC), an eﬀect that results in increased
internal resistance of the cells. Modiﬁcations of the polyoleﬁn
surface can improve the wetting characteristics of the separators
but the chemistry is rather challenging and the performance
depends critically on the nature and the grafting density of
the functional groups.8–15 To that end, graft polymerization
of methylmethacrylate, glycidyl methacrylate, acrylic acid onto
polyoleﬁn separators has been described.9–13 Oftentimes, radia-
tion treatment (plasma, corona discharge, electron beam, g-ray,
UV, photons) is applied to activate the polyoleﬁn surface and to
facilitate subsequent functionalization.9–14
Alternatively, incorporation of inorganic nanoparticles including
SiO2, TiO2, Al2O3, MgO, g-LiAlO2, and CaCO3 into various
polymers is also a well-studied route to improve the performance
of battery separators.16–20 The nanoparticles can be either
dispersed in the polymer matrix to form a composite membrane,
or can be initially combined with a suitable binder material and
then deposited on a nonwoven support. In principle, the organic–
inorganic hybrid membranes show improved interfacial charac-
teristics, but oftentimes cannot withstand the mechanical stresses
experienced during assembly and operation of the battery.
In this work, we report a novel approach to improve the
wetting characteristics of polyoleﬁn separators by depositing a
thin ﬁlm of SiO2 nanoparticles. Our approach relies on electro-
static immobilization of positively charged nanoparticles onto
the surface of plasma treated membranes,21 as opposed to the
widely explored covalent attachment of functional groups
(or polymers) to the plasma-activated surface. The cationically
charged nanoparticles are strongly adsorbed onto the membrane
and form not only a stable, durable coating on the exterior of
the surface, but also a partial coating on the pores at a depth
of several microns. The thickness and depth of the coating can
be ﬁne-tuned by controlling the z-potential of the nanoparticles.
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Compared with the pristine, the nanoparticle coated membranes
show better wetting to common battery electrolytes. More
importantly they exhibit improved electrochemical performance
and higher capacity retention upon cycling with no loss in
mechanical properties. Since all steps required to synthesize
the new membranes are simple and scalable the process can be
readily integrated into current manufacturing.
While applicable to a variety of separators we demonstrate
the approach using commercially available trilayer PP/PE/PP
separators, which possess a unique self-protective mechanism
against thermal runaway. In the case of undesired local super-
heating, the low melting point causes the middle PE layer to
collapse preferentially, functioning in essence as a shutdown
curtain. At the same time, the PP layers remain intact and
continue to maintain the isolation between the electrodes,
preventing catastrophic internal short circuits. The trilayer
separators are subjected to oxygen plasma treatment in order
to generate various functional groups to their surface without
any adverse eﬀect on their bulk properties.22,23 The plasma
treated separators exhibit increased hydrophilicity showing an
advancing water contact angle of 781 compared to 1071 for
their untreated counterparts. The advancing contact angle
does not vary signiﬁcantly with the radiation protocol.
However, the contact angle increases upon aging and reverts
to its original value after about one week, due to delocalization
of the charged groups and reorganization of the surface.22,23
The silica nanoparticles with a mean diameter of 18 nm used
in this study were functionalized using N-trimethoxysilyl-
propyl-N,N,N-trimethylammonium chloride and, thus, they
are densely covered by quaternary ammonium groups. By
virtue of their surface charge, the nanoparticles form stable
dispersions in water showing no tendency for aggregation in a
wide pH range, as conﬁrmed by light scattering. For reference,
the z-potential of 1 wt% surface modiﬁed silica nanoparticles
in water is 36.4 and 21.5 mV at pH 4 and 7, respectively.
A typical coating cycle includes the immersion of the plasma
treated separator into an aqueous dispersion of the function-
alized silica nanoparticles (at a given pH), followed by solvent
evaporation and repeated rinsing in water to remove any
loosely bound nanoparticles. TEM imaging (Fig. 1) indicates
that the morphology of the coated separators is sensitive to
the pH of the nanoparticle dispersion. Speciﬁcally, using a
dispersion with pH = 7.5 gives rise to a thick coating on the
exterior surface, which blocks the nanoparticles from entering
the internal pores of the membrane (Fig. 1a). In contrast,
when a neutral dispersion (pH = 7, z = 21.5 mV) is used a
homogenous multilayer coating on the outer surface of the
membrane with an average thickness of 5 to 6 nanoparticle
layers is deposited (Fig. 1b). More importantly the nanoparticles
also enter the interior of the membrane within about one
micron from each side (Fig. 1c). Note that, when an acidic
dispersion of nanoparticles (pH = 4, z = 36.4 mV) is used
only a monolayer of nanoparticles is deposited (Fig. 1d). In
addition, the nanoparticles coat the interior pores to a distance
of about four microns from each side (Fig. 1e). In the latter
case, it seems that the high charge density of the nanoparticles
(z = 36.4 mV) gives rise to enhanced particle–particle repul-
sions, preventing the buildup of a multilayer. As evident by
the penetration depth of the nanoparticles, it seems that the
membrane was eﬀectively plasma-activated at least up to a
depth of 4 micrometres on each side. Note that for non-porous
substrates it is believed the plasma treatment is conﬁned only
to the top several hundred angstroms.18 For simplicity the
terms ‘‘multilayer’’ and ‘‘monolayer’’ below refer to coatings
derived from initial nanoparticles dispersions with pH values
7 and 4, respectively. Separators derived from pH = 7.5 were
not considered further due to the minimal penetration of the
nanoparticles into the interior of the membranes. Careful
examination of a large number of TEM and SEM images
indicated that the porosity of the membranes marginally
increased after plasma treatment but then decreased somewhat
after the deposition of the nanoparticles.
The presence of strong substrate–nanoparticle electrostatic
interactions imparts durability and stability to the deposited
layers, which resist detachment even under harsh and prolonged
washings.21 In addition, the coating eﬀectively reverses the
inherent hydrophobicity of the pristine membrane. As shown
in Fig. 2a, membranes coated with a multilayer of SiO2
nanoparticles show a water contact angle close to 211 compared
to 781 and 1071 for the plasma treated and untreated substrate,
respectively. The water contact angle for the monolayer of
silica nanoparticles is 361. We note that the deposition of silica
nanoparticles not only improves the aﬃnity of water to wet the
surface but also alters the topological characteristics of the
membrane both of which aﬀect wetting.24–26
More importantly, the contact angle of the silica multilayer
coated membrane against propylene carbonate (PC) is virtually
zero, compared to 161 for the monolayer, 321 for the plasma
Fig. 1 TEM images of the plasma treated separators coated with a
dispersion of cationically modiﬁed silica nanoparticles with pH (a) 7.5,
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treated and 661 for the pristine separator, respectively (Fig. 2b).
The multilayer coating imparts excellent wettability towards
propylene carbonate due to the polar nature of the deposited
nanoparticles and the altered topography of the substrate.
After being soaked for 24 h in a solution EC/PC/DEC= 3/2/5,
the electrolyte uptake was 112 wt% for the multilayer coated
membrane compared to 87 wt% and 51 wt% for the mono-
layer coated and the pristine separator, respectively. The
electrolyte absorption is essentially complete for the coated
membranes within 1 h. In contrast, for the pristine separator
the electrolyte uptake is 32 wt% within 1 h. The ionic
conductivity of the wet membranes calculated from the corres-
ponding impedance spectra (Fig. 3) using sealed vessels is
1.43 and 0.28 mS cm1 for the multilayer coated and pristine
separator, respectively.
To show the advantage of the nanoparticle coated separa-
tors, we compared their performance in a lithium half-cell
(Fig. 4a). The charge/discharge proﬁles based on a separator
coated with a silica multilayer and ﬁlled with a LiPF6 solution
in a mixture of ethylene carbonate/propylene carbonate
(EC/PC = 4/6 by weight) show good levels of initial capacity.
Interestingly, the capacity drops dramatically after a few cycles
but it reverses course and continues to improve upon cycling.
In contrast, an identical lithium half-cell assembled with the
Fig. 2 Advancing contact angles of (a) water and (b) propylene
carbonate for various (modiﬁed and pristine) polyoleﬁn separators.
Fig. 3 Impedance spectra of pristine (blue squares) and multilayer
coated (red spheres) wet separators measured in a sealed stainless
steel vessel.
Fig. 4 (a) Charge (full symbols)/discharge (open symbols) proﬁles of
a lithium half cell assembled with a pristine separator in EC/PC/DEC
3/2/5 (blue squares) and a nanoparticle coated separator in EC/PC 4/6
(red circles); (b) charge (full symbols)/discharge (open symbols) proﬁles
of a lithium-ion cell assembled with pristine (blue squared), plasma
treated only (green triangles) and nanoparticle coated (red circles)
separators in 1.1 M LiPF6 in EC/PC/DEC/VC. The arrows indicate
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pristine separator fails to be charged. Even the addition of a
surfactant (2 wt% sodium dodecyl sulfate) to the electrolyte
cannot induce any current ﬂow. When diethyl carbonate
(DEC) is added as the major component to the electrolyte
(EC/PC/DEC = 3/2/5, by weight) the half-cell equipped with
the uncoated separator has an initial capacity similar to that
observed for the cell with the coated separator (in the absence
of DEC). However, the capacity keeps decreasing with the
cycling number due to increasing internal resistance. At the
end of 32nd cycle the cell equipped with the pristine separator
shows only 31% charge capacity retention compared to 72%
for the coated separator. We suggest that the superior
cyclability of the coated separator is a direct consequence of
its improved wetting and electrolyte uptake characteristics.
To further evaluate the performance of the separators, three
Li-ion cells were assembled with a pristine, plasma-treated
only and a silica coated separator, respectively. A mixture of
ethylene carbonate, propylene carbonate, diethyl carbonate
and vinyl carbonate (VC) (EC/PC/DEC/VC= 29.4/19.6/49/2,
by weight) was used as the electrolyte. Upon electrochemical
cycling, the capacity of the cell equipped with the pristine
separator monotonically decreases due to poorer wetting that
results in enhanced internal resistance (Fig. 4b). The plasma
treated separator consistently shows higher electrochemical
capacity compared to the pristine one, due to improved wetting
and because plasma treatment tends to increase the pore size
of the membranes (as can be seen in ESIw, Fig. S1), both of
which facilitate the transport of lithium ions. The coated
membrane initially shows the lowest capacity given that the
presence of the nanoparticles might impede to some extent
the diﬀusion of lithium ions during the ﬁrst few cycles, but
eventually outperforms the other two systems. At the 100th
cycle the silica coated membrane retained 92% of the starting
charge capacity compared to 80% and 77% of the plasma
treated only and the pristine membrane, respectively. The
large discrepancy between the charge and discharge capacity
of the ﬁrst few cycles can be attributed to irreversible inter-
calation of lithium ions due to the formation of a solid
electrolyte interface.27
A common feature of the charge/discharge proﬁles in
Fig. 4a and b for cells equipped with the silica coated separator
is a pronounced upturn that takes place between the 15th and
35th cycle in Fig. 4a and 5th and 15th cycle in Fig. 4b. This
unique self-healing eﬀect does not seem to be related with the
stabilization of the solid electrolyte interface, given that it has
been already completed within the ﬁrst few cycles. SEM
images conﬁrm some minor morphological (and porosity)
diﬀerences between the as prepared coated separator (ESIw,
Fig. S1c) and the same separator that had been subjected to
20 charge/discharge cycles (ESIw, Fig. S1d), suggesting that
the nanoparticle coating is fairly robust. Moreover, TEM and
SEM imaging of a separator that has been subjected to
100 cycles (ESIw, Fig. S2a and b) show that the nanoparticles
resisted detachment during the operation of the battery, and
remained on the surface within a depth of about one micron
from each side of the membrane. Therefore, the formation
of an electrolyte nanocomposite can be safely discounted and
the eﬀects observed are attributed exclusively to the surface
modiﬁcation of the separator.
In summary, we demonstrate a simple, readily scalable
approach to modify the surface characteristics of commonly
used polyoleﬁn separators and improve their electrochemical
performance. The process involves deposition of surface-
charged SiO2 nanoparticles on plasma treated membranes. A
key feature of our approach is the presence of electrostatic
substrate–particle and particle–particle interactions that can
be ﬁne-tuned by controlling the charge density of the silica
nanoparticles. This control enables deposition of mono- or
multilayers of nanoparticles on the exterior and to a limited
extent on the interior surface of the membranes. Membranes
coated with a silica multilayer show excellent wetting against
propylene carbonate and exhibit enhanced electrochemical
performance and capacity retention compared to pristine
membranes or membranes that have been only plasma-treated.
Cells based on the nanoparticle-coated membranes are
operable even in a simple mixture of EC/PC. In contrast, an
identical cell based on the pristine, untreated membrane fails
to be charged even after addition of a surfactant to improve
electrolyte wetting. When tested in a Li ion cell using an
EC/PC/DEC/VC electrolyte mixture, the nanoparticle-coated
separator retains 92% of its charge capacity after 100 cycles
compared to 80 and 77% for the plasma only treated and
pristine membrane, respectively.
Experimental section
Cationically modiﬁed silica nanoparticles
Colloidal silica Ludox HS-30 with a mean diameter of 18 nm
was purchased from Sigma Aldrich. 3 g of colloidal silica was
diluted with deionized water (30 mL) and sonicated for 30 min.
A concentrated solution of HCl (1 N) was added to the
dispersion followed by the addition of 3.2 g of N-trimethoxy-
silylpropyl-N,N,N-trimethylammonium chloride (50 wt%,
Gelest). The mixture was stirred at 60 1C for 10 min. NaOH
(0.1 M) was added to adjust the pH toB5 and the mixture was
stirred continuously at 60 1C for 24 h to complete the reaction.
Subsequently, the suspension was dialyzed in deionized water
using SnakeSkin tubing (3.5 k MWCO, Pierce) for 48 h.
Plasma treated porous polymeric membranes
Celgard 2320 with a thickness of 20 microns and 42% porosity
was used as the separator. The membrane is based on a
PP/PE/PP trilayer architecture. The membrane was treated
in an O2 gas microwave plasma (PVA Tepla400 plasma) under
50 W for 5 min. Based on X-ray photoelectron spectroscopy
the oxygen/carbon ratio of the surface after plasma treatment
was 0.09.
Electrochemical performance
The cathodes of the lithium (half and ion) cells were prepared
by coating an aluminium foil with a N-methyl-2-pyrrolidone
(NMP) dispersion containing 95% LiCoO2, carbon black (as the
conductive material) and poly(vinylidene ﬂuoride) (PVDF) as
binder. Li metal served as the counter electrode for the lithium
half-cell. The anode of the lithium ion cell was prepared using
mesophase carbon micro beads (MCMB) graphite as the active
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PVDF as binder. The cells were assembled in an argon-ﬁlled
glove box by sandwiching the separator membrane between
the anode and the cathode, then ﬁlled by the liquid electrolyte.
Ethylene carbonate (EC), propylene carbonate (PC), diethyl
carbonate (DEC) and vinyl carbonate (VC) (water content
o20 ppm) and lithium hexaﬂuorophosphate (LiPF6) were
obtained from Novolyte Technologies. Three diﬀerent mixtures
of electrolytes containing 1.1 M LiPF6 in EC/PC 4/6,
EC/PC/DEC = 3/2/5, EC/PC/DEC/VC = 29.4/19.6/49/2 by
weight were used.
The electrochemical performance of the cells was evaluated
using a battery test equipment (Kikishi PFX2011). The cells
were charged at 0.2 C and discharged at 0.5 C, except for
the ﬁrst four cycles where the charge and discharge rate were
0.1 C (1st cycle) and 0.2 C (2nd–4th cycles) under a constant
capacity 0.33 mAh g1 based on the weight of the active electrode
materials. All tests were conducted at room temperature.
Surface contact angle
Static and dynamic advancing contact angle measurements
were carried out using a VCA Optima XE apparatus. The
water droplets (deionized water from Millipore puriﬁcation
system, speciﬁc conductance 0.05 mS cm1, pH 5.5, droplet
volume 0.5 mL) were monitored by a CCD camera and
analyzed by standard drop-shape analysis methods. A drop
of liquid with a volume of 3 mL was dripped onto the surface
at 20 1C.
f-Potential
Electrophoretic measurements were made using a Malvern
Zetasizer Nano-ZS (Malvern Instruments, England) package
which includes a 4 mW He–Ne laser operating at l = 633 nm.
Dust-free solutions were obtained more than 12 h before
measurement by ﬁltration through Nylon membrane ﬁlters
with a pore size of 0.2–0.45 mm (GE Nylons Syringe Filter).
Scanning electron microscopy (SEM). SEM measurements
were performed on a Field Emission Scanning ElectronMicro-
scope (FE-SEM), LEO 1530 model.
Transmission electron microscopy (TEM). TEM measure-
ments were performed on JEM-2000EX using microtomed
epoxy-embedded ultrathin samples.
Electrolyte retention. Electrolyte retention values of the
separators were determined as their relative (%) weight gain
after being soaked for 24 h in a EC/PC/DEC (3/2/5) solution
and then dried using an absorbent paper.
Impedance spectra. Impedance spectra were recorded on
an Autolab PGSTAT 30 potentiostat/galvanostat within the
frequency range 100 kHz to 100 Hz (amplitude 5 mV). The
separators were soaked in 1.1 M LiPF6 in EC/PC/DEC (3/2/5)
solution, dried using an absorbent paper, sandwiched between
two stainless steel cylindrical electrodes and enclosed in a
sealed vessel in a glove-box.
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